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A B S T R A C T
Perceived slipperiness rating (PSR) has been widely used to assess walkway safety. In this experiment, 29
participants were exposed to 5 ﬂoor types under dry, wet and glycerol conditions. The relationship
between their PSR and objective measurements, including utilized coefﬁcient of friction (UCOF), gait
kinematics and available coefﬁcient of friction (ACOF), was explored with a regression analysis using
step-wise backward elimination. The results showed that UCOF and ACOF, as well as their difference,
were the major predictors of the PSR under wet and glycerol conditions. Under wet conditions, the
participants appeared to rely on the potential for foot slip to form their PSR. Under glycerol conditions,
some kinematic variables also became major predictors of PSR. The results show how different
proprioceptive responses and ACOF contributed to the prediction of PSR under different surface
conditions.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Costs for workplace injuries in 2011 due to falls on the same
level in the U.S. were approximately 8.6 billion US dollars or 15.4%
of the total cost burden [1]. Slippery ﬂoors, typically caused by
contaminants, are a critical factor for falls on the same level [2,3].
Biomechanics, human-centered approaches, available coefﬁcient
of friction (ACOF) and surface roughness are major elements in
slipperiness measurement [4].
Perceptions, based on both visual cues and proprioceptive
feedback, can be used to assess slipperiness and can supplement
objective measurements of slipperiness in predicting future slips
[5,6]. Perceived slipperiness rating (PSR) has been linked to one
objective parameter such as ACOF [7], but additional factors could
also contribute collectively to the outcome. For example, it has
been reported that increases in stance, stride times, and step width,
as well as decreases in stride length, walking speed, heel horizontal
velocity, heel horizontal and vertical accelerations, heel and ﬂoor
angle and utilized coefﬁcient of friction (UCOF) are used to avoid a
slip on slippery surfaces [8–13]. Some of these measures could
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measures including gait kinematics, UCOF and ACOF was explored
with regression analyses using step-wise backward elimination to
identify critical factors that contribute to the PSR. We hypothesized
that PSR could be affected not only by ACOF, but also by kinematic
and kinetic variables.
2. Methods
Five walkways, each 6.08 m long and 0.81 m wide, were
constructed, one for each ﬂoor type A to E as described in Table 1.
Two Kistler force plates (Model 9281C, Amherst, NY) were installed
in series in the length direction in the middle of each walkway.
Thirteen males and 16 females participated in this experiment
after giving their written informed consent. The weight, height and
age were 62.0  9.18 kg, 163.0  7.79 cm and 30.9  10.79 years,
respectively, for females, and 80.3  14.02 kg, 179.3  8.07 cm and
24.3  9.41 years, respectively, for males. The protocol was approved
by an institutional review board. Leather loafers were used as the
standard footwear with the heel material replaced by ﬂat Neolite. A
safety harness was used, linked with a rope to a customized overhead
pulley system with little resistance. The length of the rope was
adjusted so that the participants could walk freely, but would be
caught if a fall occurred. The surface condition proceeded from dry to
wet, then glycerol. The ﬁve different ﬂoor types were randomizednder the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
Table 1
Averaged perceived slipperiness rating, available coefﬁcient of friction (ACOF), utilized coefﬁcient of friction (UCOF) and gait kinematic parameters for each ﬂoor type and
surface condition.
FT SC PSR SL (mm) WS (m/s) HA (deg) HAV (deg/s) HV (m/s) VV (m/s) AA (deg) UCOF ACOF
A D 6.6 803 1.99 28.3 1.43 0.398 0.0691 88.2 0.227 0.822
W 14.2 799 1.95 26.9 1.51 0.402 0.0257 89.2 0.228 0.677
G 13.9 793 1.88 26.5 1.36 0.396 0.0605 89.4 0.213 0.557
B D 7.7 805 1.97 27.5 1.54 0.392 0.0282 89.2 0.240 0.838
W 22.8 790 1.90 26.2 1.50 0.357 0.0004 89.8 0.204 0.350
G 17.3 775 1.82 24.7 1.39 0.361 0.0347 90.6 0.214 0.370
C D 42.4 781 1.92 25.1 1.59 0.353 0.0411 90.9 0.213 0.907
W 37.7 781 1.87 26.2 1.50 0.383 0.0131 90.1 0.215 0.169
G 30.6 744 1.75 21.4 1.49 0.301 0.0729 92.6 0.191 0.081
D D 18.3 786 1.92 26.3 1.47 0.404 0.0086 89.9 0.220 0.208
W 83.3 694 1.68 18.0 1.41 0.296 0.0851 93.0 0.139 0.002
G 93.5 570 1.34 7.5 0.85 0.202 0.0340 97.6 0.112 0.001
E D 66.4 755 1.88 23.7 1.45 0.337 0.0072 90.6 0.185 0.573
W 91.6 682 1.66 18.1 1.29 0.342 0.0872 92.7 0.127 0.032
G 94.0 567 1.30 8.1 0.85 0.181 0.0365 96.6 0.112 0.012
Abbreviations – FT: ﬂoor type; SC: surface condition; D: dry; W: wet; G: glycerol; PSR: perceived slipperiness rating; SL: step length; WS: walking speed; HA: heel angle; HAV:
heel angular velocity; HV: horizontal velocity; VV: vertical velocity; AA: ankle angle.
Floor type A: quarry tile with metrotread; ﬂoor type B: quarry tile; ﬂoor type C: vinyl with wood ﬁnish; ﬂoor type D: marble tile; ﬂoor type E: glazed porcelain tile with silver
ﬁnish.
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to the entire walkway. For wet conditions, a ﬁne water mist was
applied with a garden sprayer. The process was terminated as soon as
a thin uniform layer of water was generated on the entire walkway as
judged by visual inspection. For glycerol conditions, a mixture of 45%
glycerol with water by weight was applied with a paint roller. The
participants had a clear view of the entire walkway prior to walking,
but did not witness surface preparation. They were asked to walk as
fast as possible without a slip and to walk back and forth from one end
to the other end on the walkway ﬁve times (5 trials). Gait data were
collected in one direction while each participant was walking through
the middle section of the walkway.
The sampling rates for the motion tracking system (Motion
Analysis Corp., Santa Rosa, CA) and the force plates were 200 and
1000 Hz, respectively. All the kinematic and force plate data were
processed with a fourth order zero-lag Butterworth low pass ﬁlter
with cut-off frequencies of 12 and 24 Hz, respectively. Utilized
coefﬁcient of friction (UCOF), obtained from the vector sum of the
transverse and longitudinal components of the ground reaction
force divided by the normal force at the same instant, was
extracted from each successful strike.
Seventeen passive reﬂective markers were attached to each
participant on the sacral vertebrae, and right and left of the os
calcani, ankle, anterior superior iliac spine, heel, knee, shank, thighTable 2
Standardized regression coefﬁcients for all variables in the regression analysis using step
Dry Wet 
Initial Final Initia
Adjusted R2 0.212 0.208 0.63
UCOF 0.544** 0.412** 0.16
ACOF 0.024 0.55
SL 0.179 0.16
WS 0.100 0.05
HA 0.169 0.11
HAV 0.134 0.02
HV 0.121 0.07
VV 0.094 0.04
AA 0.363 0.184* 0.07
UCOF: utilized coefﬁcient of friction; ACOF: available coefﬁcient of friction; SL: step l
horizontal velocity; VV: heel vertical velocity; AA: ankle angle.
* p < 0.05.
** p < 0.01.and toe. The instant of heel strike for the kinematic data was
determined as the instant when the distance between the two
heels reached maximum. The kinematic parameters obtained were
step length, walking speed and, at heel strike, heel angle with the
ﬂoor, heel angular velocity, horizontal heel velocity, vertical heel
velocity and ankle angle.
Participants rated their perceptions of slipperiness immediately
after the ﬁfth trial for each walkway and surface condition by
drawing a vertical line across a horizontal line representing the
range of slipperiness with the verbal anchors ‘not at all slippery’
and ‘extremely slippery’. This scale was transformed to a scale with
100 representing ‘extremely slippery’ and zero representing ‘not at
all slippery’.
A portable inclinable articulated strut slip tester (PIAST) with
smooth Neolite was used to measure ACOF. One hundred friction
measurements were carried out at 50 locations in both directions
for each walkway under each surface condition.
2.1. Statistical analysis
Biomechanical measurements of the ﬁfth trial (UCOF and the
seven aforementioned kinematic variables) and the PSR for each
condition were extracted at the individual participant level. The
average ACOF value was calculated for each walkway under each-wise backward elimination in which UCOF and ACOF were independent variables.
Glycerol
l Final Initial Final
7 0.648 0.720 0.729
3 0.192* 0.360** 0.405**
3** 0.547** 0.269** 0.302**
9 0.183* 0.012
6 0.035
2 0.255 0.305**
8 0.084
7 0.055
3 0.105 0.170**
4 0.020
ength; WS: walking speed; HA: heel angle; HAV: heel angular velocity; HV: heel
Table 3
Standardized regression coefﬁcients for all variables in the regression analysis using step-wise backward elimination in which the difference between UCOF and ACOF was an
independent variable.
Dry Wet Glycerol
Initial Final Initial Final Initial Final
Adjusted R2 0.052 0.062 0.603 0.602 0.668 0.669
Diff 0.041 0.555** 0.565** 0.267** 0.264**
SL 0.075 0.096 0.275* 0.336** 0.166
WS 0.108 0.083 0.042 0.071
HA 0.133 0.126 0.219 0.529* 0.696**
HAV 0 0.018 0.101 0.207**
HV 0.243 0.130 0.098 0.100 0.163*
VV 0.076 0.013 0.064 0.067
AA 0.147 0.081 0.197 0.235 0.331**
Diff = UCOF  ACOF; UCOF: utilized coefﬁcient of friction; ACOF: available coefﬁcient of friction; SL: step length; WS: walking speed; HA: heel angle; HAV: heel angular
velocity; HV: heel horizontal velocity; VV: heel vertical velocity; AA: ankle angle.
* p < 0.05.
** p < 0.01.
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same condition. Since the proprioceptive response is generated in
response to the surface condition, regression analysis with the PSR as
the dependent variable, and UCOF, ACOF and all kinematic variables
as the independent variables was used to explore their relationship
for each surface condition with a signiﬁcance level of p < 0.05.
A slip at the shoe and ﬂoor interface is more likely to occur
when UCOF exceeds ACOF. Therefore, the regression analyses using
step-wise backward elimination were repeated by replacing UCOF
and ACOF with their difference as an independent variable while
retaining all kinematic variables. This variable was deﬁned as
Diff ¼ UCOF  ACOF:
3. Results and discussion
The means of the ACOF, perception rating, UCOF and all
kinematic variables for each ﬂoor type and surface condition are
shown in Table 1. The values of PSR and ACOF shown in Table 1
indicate that the participants in the current experiment perceived
themselves to be, and were indeed, exposed to a wide range of
slipperiness.
The standardized regression coefﬁcients for all the variables in
the regression analysis for each surface condition are shown in
Table 2. Although the variables in the ﬁnal step of the analyses
were highly dependent on the surface condition, the results
suggest that UCOF and ACOF were the major predictors of PSR.
Standardized regression coefﬁcients for all variables, including
Diff, for each surface condition are shown in Table 3.
Current results indicate that the UCOF and ACOF, as well as their
difference, were the major predictors of the PSR under wet and
glycerol conditions, as demonstrated by standardized regression
coefﬁcients of larger magnitudes, despite different remaining
variables in the ﬁnal analyses under different conditions. Under
dry conditions, adjusted R2 values for PSR were low, possibly
indicating less proprioceptive feedback compared with wet and
glycerol conditions. Under wet conditions, results suggest that the
potential for a foot slip, reﬂected by the signiﬁcance of Diff, was a
major predictor of the PSR for the participants in this experiment.
Under glycerol conditions, more kinematic variables, especially
heel angle, became major predictors of the PSR besides Diff.
Therefore, participants in the current experiment likely relied on
more complex proprioceptive responses in forming their PSR when
walking on glycerol surfaces. Results also show how different
proprioceptive responses and ACOF contributed to prediction of
PSR under different surface conditions.
Hanson et al. [14] used the difference between ACOF and the
required coefﬁcient of friction (RCOF) to predict slip and falloutcomes. In their study, RCOF was measured on dry surfaces
where participants would have no concerns about slipping, so they
investigated the unexpected situations when people walk from dry
surfaces to a surface with a low coefﬁcient of friction. The UCOF
measured in the current study reﬂects the friction used when
walking on surfaces that were contaminated and the participants’
adjustments to avoid slips.
Gauchard et al. [15] indicated that visual, vestibular, proprio-
ceptive and exteroceptive neurosensorial afferences are involved
in postural control. Further research can explore additional
potential predictors.
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